Carbon Nanotubes (CNT) show extraordinary properties such as high strength and stiffness, the highest among known materials. This is what makes them potential candidates for concrete reinforcement. This paper explores the applicability of CNT in cementitious matrices comparing results derived from high-strength concrete and conventional concrete, as well as conventional concrete. For the execution of this research, and in order to analyze cement mortars with additions when compared to high-strength concrete, different types of CNT have been depicted and selected. After the characterization of different cement pastes obtained, structural elements have been measured. This analysis leads us to the conclusion that the most suitable mechanical strengthening agent for laboratory scale small samples is the use of CNT, since we do not detect significant differences between the structural elements dimensions and high-strength concrete regarding pastes with CNT.
CNTs are carbon allotropes whose molecular structure can be viewed as mixed cylinders made of rolled graphene layers (Saito, Dresselhaus, & Dresselhaus, 1998) . There are two types of CNTs which differ depending on the graphene layers which, if there is only one layer of graphene, then it is called SWCNTs, whereas they are called graphene MWCNTs if they are composed by concentrically arranged walls. The diameters of these structures range from 4 to 50 nm in MWCNTs, and from 0.4 to 10 nm in SWCNTs, while the CNTs diameters are nanometric and their typical length reaches micrometers, having even synthesized several centimeters of the CNT length (Zhu et al., 2002) (Zheng et al., 2004) (Ferro, Tulliani, & Musso, 2011) . Therefore, CNTs show a high connection both in length and diameter, typically 1000 and able to exceed 107, which give them a quasi-one-dimensional structure (1D). Multi-walled CNTs can be up to hundreds of layers, the interlaminar spacing is 0.34 nm (Popov, 2004) . Stable forces separations between adjacent layers are of Van der Waals type. The ends of the CNT may be open or be covered by a fullerene molecule (Saito et al., 1998) , that is, an allotrope of closed, spheroid and empty carbon structure composed by pentagonal and hexagonal sides. These structures were discovered (Kroto, Heath, O'Brien, Curl, & Smalley, 1985) six years before the discovery of MWCNTs by Iijima. There is a wide range of CNT with a unique combination of parameters. Each wall may be distinguished by its chiral angle, diameter, and length, as well as by the combination of multiple MWCNTs walls that result in a greater differentiation (Popov, 2004) .
The main interest in the CNTs is mainly due to its wide spectrum of exceptional properties: from the higher strength and stiffness of all known materials so far, to some highly unusual properties of electron transport and a large chemical robustness, which derived from its geometry and chemical structure and confers a unique potential in a variety of very different applications (Martínez, M. R., Ganzer, J. R., & Huertas, 2007) . Many applications have already been successfully commercialized, such as the mobile phones lithium-ion batteries, electrically conductive fillers in plastics and polymer composites for sporting goods (De Volder, Michael F. L. Sameh H. Tawfick & Hart, 2013) .
The excellent mechanical properties of CNTs make them potential candidates as reinforcing material for concrete. The MWCNTs are preferred for research in the reinforcement of concrete, as they are less expensive to synthesize than SWCNTs (Li Wang, Pei Ming, Zhao, Xiaohua, 2005) , show a tensile strength from 11 to 63 GPa, approximately 100 times higher than steel, the material most widely used for concrete reinforcement being 6 times lighter with a Young's modulus ranging from 0.8 to 0.9 TPa, and a prior lengthening of 12%, that is to say, 60 times higher than the steel one (Yu, 2000) . The SWCNTs have a higher Young's modulus and ductility even greater, while the values of tensile strengths are slightly lower (Min Feng Yu, S., Arepalli, & Ruoff, 2000) , thus, the integration of CNT into concrete has the potential to increase the tensile strength of the concrete and its ductility. Furthermore, the high specific value of CNT area, together with their outstanding mechanical properties, can significantly reduce the porosity of concrete, and increase resistance to crack propagation distributed in the cement matrix, acting the CNT as bridges between the holes and cracks (Li Wang, Pei Ming, Zhao, Xiaohua, 2005) .
Description of the problem
CNTs are not ideal structures and the reactivity of their walls is mainly due to the presence of defects such as holes, Stone-Wales defects, etc. Often, CNTs undergo functionalization treatments. The CNTs functionalization increases their polarity, improving solubility and easing their dispersion; CNTs are treated through chemical methods with oxidizing compounds, typically strong acids that functionalize the nanotubes wall surfaces, especially creating carboxylic acid groups and hydroxyl groups covalently bonded to their surface. The CNT functionalization is carried out with the purpose of using the dispersion method which must ensure not only a uniform distribution of the CNT in the matrix, but also good adhesion between the CNT and the products of the matrix, as the latter is necessary to ensure an efficient transfer of matrix loads to the CNT. The research on CNT-concrete composite materials is at an early stage since clear improvements after integrating CNTs to cementitious materials have been demonstrated (Li Wang, Pei Ming, Zhao, Xiaohua, 2005) (Li, Wang, & Zhao, 2007) , although these results are still to be put into practice. Further research on functionalization and dispersion methods for carbon nanotubes and adhesion of CNTs to the cementitious matrix is still needed and also needs a more economic synthesis of CNT in order to perform a real implementation of CNT-reinforced concrete. Therefore, this paper explores the applicability of high purity CNT and industrial grade compared with high-strength concrete and conventional concrete.
Materials

CNTs Selection
Initially, and because it offers a wide range of CNTs, only the company NanoAmor (Nanostructured & Amorphous Materials Inc.) was selected as a CNT provider. MWCNTs were acquired with different characteristics. The first choice was three unfunctionalized CNT, two functionalized with carboxylic groups and two hydroxyl groups (-OH). After the characterization of the CNT NanoAmor company and making cement pastes with 0.5% of CNT added to the concrete, it was decided to perform the characterization of functionalized CNT with -OH groups (see Table 1 ), in order to prepare cement test tubes with 0.5% from the above mentioned CNTs. The characterization of the CNT was performed by using the scanning electron microscopy (SEM) to confirm the conformational characteristics of acquired CNTs, Fourier Transform Infrared Spectroscopy, FT-IR to determine the presence of functional groups generated in the surface of CNT, Thermogravimetric Analysis (TGA) to analyze the process of thermal degradation of the CNT and X-ray Photoelectron Spectroscopy (XPS) for chemical characterization of the sample surfaces.
CNTs Characterization
Scanning Electron Microscope Figure 1 shows some of the images taken with the Scanning Electron Microscope. In samples we can observe tangles or skeins of CNT aggregates, with dimensions roughly adjusted to the specifications of the suppliers. 
Fourier Transform Infrared Spectroscopy
FTIR spectra were obtained with a Perkin-Elmer, Spectrum One v. 5.0. model. Potassium bromide tablets were prepared from dried and pounded samples during 24 hours at 110 °C. The measuring range is 4000-450 cm-1. For each spectrum, 10 entries were acquired with a resolution of 4 cm-1. Figure 2 shows infrared spectra of functionalized CNT with hydroxyl groups (-OH). In them, there is a broadband between 3200 and 3600 cm-1 due to the bond vibration frequencies -OH of water molecule, which may be present as an impurity in the CNT, and the bonds' vibrations anchored to the -OH surface of carbon nanotubes. Likewise, another band with two peaks centered at 2850 and 2919 cm-1, due to the vibration frequencies of C-H bonds, which may be related to the presence of organic impurities. A small change in the curvature at 1734 cm-1 due to the vibration frequencies of the C = O bond at the carboxyl group, which also appears at 1635 cm-1, indicates the presence of small amounts of carboxyl groups resulting from the functionalization process. Finally, around 1100 and 1300 cm-1 a number of bands allocated to vibrations of C-O bonds, which are justified by the presence of -OH groups bonded to the CNT surfaces.
By observing the graphs in Figure 2 , we can see that the presence of impurities is higher in functionalized CNT with -OH groups supplied by Chengdu Organic as the bands around 2900 cm-1 are more intense in this product than in others. .
Thermogravimetric Analysis
Thermogravimetric analyses were performed with a TGA/SDTA 851e of Metler Toledo equipment. Approximately 20 mg of sample are placed on an alumina boat under a constant air flow of 80 ml/min and a heating rate of 10 °C/min from 25 to 1000ºC. Thermogravimetric analysis was also performed with a program combining constant flow of nitrogen and air at a flow rate 75 ml/min and a heating rate of 10ºC/min.
The program consists of three stages: first, heating from 25 °C to 800 °C in a nitrogen atmosphere, something that will quantify the groups containing oxygen atoms that are capable of being oxidized in an inert atmosphere; second, cooling from 800 ºC to 300 °C, also in a nitrogen atmosphere; and last, in an air atmosphere from 300 ºC to 1000 °C, in order to oxidize other substances that had not been oxidized previously.
All four samples exhibited a decomposition rate close to 100% indicating the high purity of these samples (or the nonpresence of substantial quantities of metal catalyst impurities). As shown in Figure 3 , the sample with reference NTC-OH-NA-10 (CNT-2) presents an initial decomposition temperature lower with respect to the others, possibly because of the presence of a higher percentage of functionalization in this sample; this fact is also confirmed by a greater width in the representation of the derivative indicating lower or greater functionalization homogeneity. The other three samples with an outer diameter of 50 nm, show very similar graphs, although nanotubes with NTC-50-OH-CO (CNT-4) reference appear to have a lower percentage of functionalization, for the graph's width of the derivative is lower than the other two samples (between 500 and 800 °C).
X-ray Photoelectron Spectroscopy
The XPS technique permits a chemical characterization of the sample surfaces, approximately 10 nm. Samples analyzed are introduced in an ultra-high vacuum test chamber. While testing, the photoelectrons are detected spreading over the samples' surfaces as the X-rays affect them. In order to characterize CNTs, Axis-ultra equipment, Kratos brand, was used with a monochromatic source of aluminum with a total capacity of 150 W. Upon receiving the samples, they were introduced into the preparation chamber on the same stand, for measurement of samples under the same degassing conditions. From the complete bond energy spectra, it has been concluded that the content of the samples was between 7% and 9% in the hydroxyl groups functionalized samples (-OH).
Methodology Cement Mortar Test Tube Preparation with CNT
The compatibility of functionalized CNTs with -OH groups has been analyzed by preparing Portland cement mortar test tubes of 52.5 R from San Feliu and Lafarge, using aggregate CEN-Normsand DIN EN 196-1 and 3x3x3 cm molds. Percentages of 0.5% CNT were used during performance over the cement. Results from dosages were designed as to arid/cement of 3, water/cement of 0.5 and a CNT percentage of 0.5% according to cement's weight. Samples were extracted for visual observation and characterization at the age of 2, 7, and 28 days by immersing them into acetone to stop the setting process. Figure 4 shows the images of cement mortar test tubes with unfunctionalized CNTs. 
CNTs Dispersion
CNTs dispersion was made by combining the two common dispersion processes, and ultrasound sonication. The mixture of cement and aggregate is carried out on a dry basis, then the solution was added to the corresponding amount of water in which CNT-OH are dispersed; after mixing the components, these are poured in order to proceed to the molds' filling. This filling is done in three layers of approximately 1/3 of the height of each mold. After placing each layer, they are compacted with 25 strokes evenly distributed over its surface. The filling of the last layer is made with mortar remains. After consolidating the top layer, the sides of the mold are struck smoothly in order to eliminate macro-air bubbles that may create holes in the upper layer. Finally, the test tube is marked at the upper edge of the mold, removing the excess of mortar and kneading its surface until obtaining a perfectly flat and smooth side. Test tubes are unmolded the day after and kept in a humidity chamber at 25°C and 95% humidity to be tested at the age of 7 and 28 days.
Physico-chemical characterization of cement mortars with CNTs
Isothermal Titration Calorimetry
The Isothermal Titration Calorimetry is one of the most used in scientific researches to measure the level of heat released during the hydration reaction of cement methods. This technique not only provides an estimate of the total heat developed during the hydration process, but also provides the instantaneous speed of the released heat at any time. Cement hydration is the result of a transformation from high to low energy state whose energy difference is emitted in the form of heat. The observation of hydration heat in cement can reveal important information about the chemical reactions arising during this process, and the effect that certain additions can produce in cement hydration. The isothermal titration calorimetry testing with CNTs, cement pastes, and mortars were performed to analyze how they affect the cement hydration process. Samples from functionalized CNTs with -OH had a decline in the heat flow and the hydration heat of mortars confirmed the higher effect provoked by CNTs.
Thermogravimetric Analysis of Cement Mortars with CNTs
Thermogravimetric analysis (TG) of cement mortars with CNT were performed in air flow with a heating rate of 10°C per minute from 25 to 1000 °C, grinding a part of the samples of the test tubes in agate mortar and by taking between 20 and 35 mg of these samples to fill the TG crucibles. The decomposition processes of the CNT cement samples were very similar, showing three general decomposition processes. A first process, due to dehydration of the hydrated cement layers, occurs between 50 and 250 °C; a second process involving dehydration of the portlandite Ca(OH)2 that occurs between 350 and 600 ºC; and a third stage due to the decarbonation and cement additions of CNT from 600 to 950 °C. The decomposition of CNTs took place in the latest stage and involved an increase in the peak decomposition that occurs in this area of the curves. It can be concluded, as well as in calorimetry tests, that the addition of CNTs does not significantly affect the processes of hydration and thermal decomposition of the various stages of cement.
Mechanical Characterization of Cement Mortars Test Tubes with CNTs
The characterization of the mechanical properties was performed through compressive strength test of cement pastes test tubes with 30x30x30 mm CNT, the materials were mixed according to the UNE-EN-196-1:2005 in a press IBERTEST 200 kN. Two mixing processes were performed; dry mixing of CNTs with cement, then adding mixing water and CNTs mixing to water and sonication with a BRANSON Sonifier 250 generator during 5 minutes to obtain a uniformly dispersed suspension of nanotubes. The paste was poured into the molds and was vibrated for compaction manually. The samples were unmolded the next day and were cured long enough (28 days) for compressive failure testings according to the UNE-EN-196-1:2005. Table 2 shows the results of compression tests of cement mortar test tubes with CNTs and the reference test tube without CNTs. As seen from the results shown in Table 2 , in the case of functionalized CNTs with -OH groups and an outer diameter of 10 nm (reference NTC-OH-10-NA), there is an improvement in the values of compressive strength at the age of 28 days, achieving a progress of 17% with respect to the standard.
Finally, it should be noted that these results exceed those found in the reference section because, although we have already described the use of sonication technique for CNTs dispersion (Wansom, Kidner, Woo, & Mason, 2006) , we have only obtained slight increases in the values of compressive strength tests and nanoindentation (Campillo, Dolado, & Porro, 2004 ) (Makar & Beaudoin, 2003) . Nevertheless, there are publications that show similar increases, but always using dispersants and deaerators (Li Wang et al., 2005) (Sobolkina et al., 2012) (Williams, 2008) . Contrary to what is shown in the reference, functionalized nanotubes with carboxylic groups produced did not create a significant improvement in cement pastes mechanical properties, probably due to the addition of dispersing agents during tests. Table 2 . Results of compression tests of cement mortars test tubes with 0.5 wt% CNT, previously dispersed in water through sonication with cement 52.5 R. Own Elaboration, 2014. Compressive Strength (MPa) Test Tube Code CNT (0.5%) 2 days age 7 days age 28 days age CEM-0 -38 ± 3 68 ± 2 51 ± 4 MOR-CNT-1 CNT-1 41 ± 6 79 ± 3 60 ± 4 MOR-CNT-2 CNT-2 42 ± 6 80 ± 2 56 ± 9 MOR-CNT-3 CNT-3 45 ± 5 75 ± 5 56 ± 6 MOR-CNT-4
CNT-4 44 ± 6 66 ± 3 46 ± 9
High-strength Concrete Test Tube Preparation
The following rules and procedures have been used to determine concrete's properties. Fresh concrete has been analyzed: shear, workability, and plastic viscosity with a 4C Rehometer, once chosen the samples according to their strength and consistency, in a hardened state, the following basic characteristics of concrete were studied: at the age of 1, 2, 7, and 28 days to determine their compressive strength (UNE-EN 12390-3:2009) 
HSC Dosage
High strength concrete is defined as the one whose characteristic compressive strength at the age of 28 days in cylindrical test tubes exceeds 45 MPa. The fundamental factor for achieving high-strength concrete is the watercement ratio, as it should be about 0. 
HSC Design and Characterization
Concrete design is based on tests performed with equivalent mortars, being evaluated their compression strength capacity at the age of 1, 2, 7, and 28 days, and their workability according to UNE standards. To this aim, the volume of concrete at 65 liters per mixture for a total of 4 mixtures and 2 mixtures per each dosage. The amount of material used per mixture in kg was shown in Table 3 Table 4 ). 
Dimensioning of Structural Elements
Finally, an equivalent control over mortar and dosage has been carried out with 0.5% of CNT in order to collate results. According to the results shown in Table 7 , we notice a significant reduction in the workability of CNT test tubes; as the HSC is developed, the effect of improving the nanotubes mechanics can no longer be seen, resulting in values lower than the pattern. It can be justified by assuming that it worked with larger sample volumes where there are intense agglomeration problems.
The structural element has been defined below from the results of compressive strength at the age of 28 days, taking into consideration the rules currently in force in Spain (Comisión Permanente del Hormigón, 2011) (Comisión Permante de Normas Sismoresistentes. Ministerio de Fomento, 2002) (VV.AA., 2016). A portal has been designed for a linear work road, which supports a 270 kN point load on the left pillar, and a 1220 kN point load on the right pillar, the beam that rests on these pillars carries a distributed load of 145 kN/m (see Figure 5 ). In Table 6 the final stresses that support the pillars of the above mentioned structure and its dimensions are detailed, as well as the reinforced concrete resulting from a first calculation through conventional concrete, high-strength concrete, and concrete with CNTs. 
Conclusions
As shown in Table 4 , the workability of the cement mortar specimens with CNT considerably diminished from the HAR, because the dispersion of CNT in the cementitious matrix is not entirely homogeneous. The CNT functionalized with -OH groups with high purity and a high degree of functionalization, improve the behavior of specimens of cement pastes and mortars around 20% as long as the process of dispersing them on the matrix has followed the steps necessary to reach its goal.
So far, the applicability of the CNT due to its high cost is reduced especially at laboratory tests to understand the behavior and the modifications that produces a structural level on the matrix. Although new publications are appearing about the effects of the results remain inconsistent, finding a pattern to determine in advance the impact that will produce the different structures in the cementitious matrix. The high cost of these structures makes the use of the so-called industrial grade products necessary, with a higher percentage of impurities and a lower degree of functionalization, thus giving rise to a loss of reinforcing effect that these structures possess, as well as a lack of thoroughness and accuracy of the kneading work, also making it lose the beneficial effects these nanotubes can have over the cementitious matrix.
As seen in Table 6 , after making the dimensioning of the structural elements, we do not perceive a noticeable difference between HSC and CNT concretes. For the practical case of sizing the portal, it is observed that it can cause a decrease in sections of steel comparing conventional concrete with high strength concrete, while the dimensions with specimens of cement mortar with CNT are virtually the same as those of HSC, so it is economically unprofitable to use cement mortars with CNT.
It can be said that, given the above mentioned the results, for the time being, in concrete with CNT, increase their Cs, but only if the results of workability and sizing are analyzed. CNT concretes have considerably lower workability than that of HSC. Therefore, and so far, we only consider appropriate the use of CNTs as mechanical reinforcing agents, for small laboratory scale samples. It is necessary to scrutinize the method of dispersion of CNT in cementitious matrices in order to obtain a superior workability.
